on ocular blood flow in the retina, neuroretinal rim and lamina cribrosa, using scanning laser Doppler flowmetry
Introduction
The Heidelberg retina flowmeter (HRF; Heidelberg Engineering, Germany) is a scanning laser Doppler flowmeter (SLDF) recommended for the investigation of fundus blood flow in vivo. It combines the confocal scanning laser technique with Doppler flowmetry to generate two-dimensional maps of retinal perfusion. 1, 2 The principles of this technique have been described in detail elsewhere. 2 In brief, infrared light with a wavelength of 780 nm is used to scan the retina. Stationary targets, such as the blood vessel wall, and moving objects, such as the red blood cells, reflect the laser beam. The light reflected by the moving red blood cells is frequency-shifted due to the optical Doppler effect and this shift in frequency is proportional to the rate of movement of the corpuscles. The frequency shift itself is too small to measure directly, but after interference between this and the light reflected from stationary targets, a beat frequency is generated. The beat frequency is measured at each point by a photodiode detector in the HRF. 2 Following fast Fourier transformation, the data are used to derive indices of blood flow, volume and velocity. 3 The number and velocity of moving corpuscles is obtained by multiple measurements at each pixel location over a fixed period of time. The total blood flow is the product of the number and rate of corpuscles flowing past each pixel location over time.
Many investigators have reported favourably on the reproducibility and validity of measurements obtained using the HRF. [4] [5] [6] [7] Compromised ocular blood flow has been shown to underlie various ocular pathologies. Using the HRF, altered blood flow has previously been reported in diabetes, 8 age-related macular degeneration 9 and glaucoma. 1, 7, 10, 11 Many of the changes associated with reduced blood flow in ocular disease are known to become more prevalent with age, which is a known risk factor in glaucoma. 12, 13 Blood flow deficits identified using the HRF have been reported in both normal-tension glaucoma 14 and primary open angle glaucoma 1, 11 in the retina, neuroretinal rim and lamina cribrosa. Since blood flow is known to decrease with increasing age, [15] [16] [17] this may be a confounding factor in the development or progression of glaucoma.
The optic nerve head is supplied by branches of the posterior ciliary arteries, 18 with influence from the central retinal artery in the superficial layers. 19 The choroid receives its nutrients from the posterior ciliary arteries. 20 Over time the structure of the arteries changes, culminating in a decrease in the elasticity of blood vessels. 21 In addition, the structure of endothelial cells alters with increasing age and these cells play a crucial role in vascular tone and regulation. 22 One might predict, therefore, that these alterations result in reduced retinal blood flow. Reductions in blood velocity and flow with advancing age have been demonstrated using pulsed Doppler sonography and scanning laser Doppler flowmetry. 17 In addition, it has been demonstrated that ocular pulsatility, derived from blood inflow during cardiac systole and influenced by, among other things, vascular elasticity, reduces with age. 15, 16 The lamina cribrosa is situated in the central region of the optic nerve head. It is an elastic structure composed of perforated cribriform plates through which nerve fibres and the central retinal artery pass. The lamina cribrosa receives its blood supply from the Eye choroidal arteries and the short posterior ciliary arteries. 23 It is known that with age the components of the cribriform plates alter, 24 this results in a stiffer structure with decreased mechanical compliance. 25 It has been hypothesised that these changes are likely to make the ageing eye more susceptible to retinal ganglion cell axon damage, especially when coupled with fluctuations in intraocular pressure common to primary open angle glaucoma. 25 The cribiform plates are in very close proximity to one another, as are the nerve fibre axons which pass through them. During changes in intraocular pressure the cribriform plates are rearranged, and in turn exert force on the nerve fibre axons. In a more rigid structure these forces are likely to have a greater detrimental effect on the nerve fibres. In addition to the known vascular changes associated with age it is possible that a decrease in the elasticity of the lamina cribrosa may have an effect on the blood flow of the vessels that supply it with nutrients. This has been postulated as a cause of optic nerve damage in glaucoma, but has not previously been investigated in normal, healthy eyes.
The purpose of this study was to determine the effect of increasing age on ocular blood flow in the retina, neuroretinal rim and lamina cribrosa.
Materials and methods
The subject sample consisted of one eye each of 15 mature and 15 young healthy volunteers. Good-quality images were obtained for the neuroretinal rim and peripapillary retina for each subject. For the images located on the lamina cribrosa, 12 of the 15 subjects provided images of sufficient quality for analysis. Details of the subject samples used for each anatomical area of interest are given in Table 1 .
Young subjects were required to be between the age of 18 and 40 years, whilst the mature subjects were all over 45 years with no upper age limit. Both subject groups were required to have a visual acuity of 6/9 or better in each eye with a refractive error of less than 8 dioptres mean sphere. Intraocular pressures were less than 22 mmHg in both eyes, anterior angles were open and ocular examination confirmed a normal optic nerve head appearance. There was no history of ocular trauma or surgery, no diabetes, no systemic hypertension or hypotension and no family history of glaucoma. Furthermore, none of the subjects were receiving any systemic or ocular medications known to affect blood flow. Two subjects from each group were smokers.
Full ethical approval from the institutions involved was granted prior to commencement of the study and informed consent was obtained from every subject. All procedures conformed to the tenets of the Declaration of Helsinki.
Following pupil dilation, and a 20 min resting period to ensure maximal mydriasis, one eye was chosen at random for each subject and nine HRF images were acquired: three located in the superior temporal retina, three located in the superior temporal neuroretinal rim and three located in the lamina cribrosa. Three images were taken at each anatomical area in order to obtain mean values of blood flow, volume and velocity. This was done to overcome physiological variations in blood measures occurring due to the cardiac cycle. Of the subjects included in this study, three had optic nerve head vasculature that prevented positioning of the 10 ϫ 10 pixel grid on the lamina cribrosa. This was due to either interference from the larger blood vessels or the absence of any visible cupping.
The superior temporal area of the retina and neuroretinal rim were chosen for image acquisition as these areas have been shown to exhibit less variability in blood flow measures when using the HRF. 26 Acetate sheets were utilised to trace the retinal and neuroretinal rim vasculature for each fundus, and a blood vessel landmark, such as a vessel bifurcation, was identified to ensure that the same retinal, neuroretinal rim and lamina cribrosa locations were used for each image. Every effort was made to keep the locations constant within each subject image series. In addition, efforts were made to optimise the reproducibility of blood flow measurements acquired by obtaining separate HRF images of the different fundus locations, thus ensuring that the DC level (direct current) of the area under examination remained consistently within the range of 110 to 150 DC. 27 Images were only accepted where no or very little eye movement had occurred during image acquisition, thus ensuring perfusion maps had minimal movement saccades.
Using the HRF software (version 1.02) fast Fourier transformation was used to derive perfusion images.
Blood flow, volume and velocity (arbitrary units) were determined for each image using a 10 ϫ 10 pixel square grid located at a predetermined position on the retina, neuroretinal rim and lamina cribrosa for each subject.
Statistical analysis
Student's two-tailed unpaired t-tests were used to test for significance between the two groups for each blood flow parameter at the retina, neuroretinal rim and lamina cribrosa. A P-value of less than 0.05 was considered significant.
Pearson's correlation coefficient was used to investigate a linear correlation between age and blood flow parameters.
Results
Students unpaired two-tailed t-tests revealed a significant reduction with age in retinal blood volume (P = 0.01), neuroretinal rim blood flow (P = 0.02), neuroretinal rim blood velocity (P = 0.01), lamina cribrosa blood flow (P = 0.008) and lamina cribrosa blood velocity (P = 0.01) ( Table 2 ). No significant difference was found for retinal blood flow or velocity or neuroretinal rim and lamina cribrosa blood volume between the two groups, although the trend was for blood flow parameters to decrease with increasing age (Table 2) . Figure 1 shows the mean blood flow values measured at the retina, neuroretinal rim and lamina cribrosa for the two subject groups, while Figures 2 and 3 show the mean blood volume and velocity values measured at the retina, neuroretinal rim and lamina cribrosa. Figures 4 to 6 show the linear correlation (r) for retinal blood volume, neuroretinal rim blood velocity and lamina cribrosa blood volume respectively. Measures of blood flow, volume and velocity at three of the anatomical areas showed a negative trend with increasing age. Significant negative correlations were obtained for retinal blood volume (r = Ϫ0.455, P = 0.01), neuroretinal rim blood velocity (r = Ϫ0.359, P = 0.01) and lamina cribrosa blood volume (r = Ϫ0.475, P = 0.008). No significance was found for neuroretinal rim blood flow and lamina cribrosa blood flow and velocity.
Discussion
The results from this study suggest that capillary blood flow measured at the superior temporal retina, superior temporal neuroretinal rim and at the lamina cribrosa decreases with increasing age. A comparison Table 2 Mean values (arbitrary unitsϮSD) for blood flow, volume and velocity measured at the retina, neuroretinal rim (NRR) and lamina cribrosa (LC) for the two subject groups with corresponding P of group-mean values identified significant reductions in blood volume measured at the retina and in blood flow and velocity measured at the neuroretinal rim and lamina cribrosa. Regression analysis revealed a significant negative correlation between advancing age and retinal blood volume, neuroretinal rim blood velocity and lamina cribrosa blood volume. The Eye absence of any significant change in blood flow and velocity at the lamina cribrosa by regression analysis may be the result of the slightly smaller sample size in this group. The overall finding in this study that ocular blood flow decreases with advancing age is in agreement with previous investigations. 15, 17, 28, 29 It is known that the lamina cribrosa changes throughout life to become a stiffer, less elastic structure 25 and our results revealed, for the first time, that a significant reduction in blood flow and velocity occurs with age in the lamina cribrosa. This supports the theory that, with age, blood flow in the choroidal arteries and short posterior ciliary arteries that supply the lamina cribrosa, decreases. This observed reduction in blood flow at the lamina cribrosa may be due to the combined effects of reduced vascular and mechanical compliance with advancing age. Furthermore, it is known that with the onset of some ocular diseases the rigidity of the lamina cribrosa increases, 30 thus potentially contributing further to reductions in flow. With reference to glaucoma, reduced ocular blood flow has been directly implicated as a contributing factor in its pathogenesis. Nicolela et al 11 found that in glaucoma patients the blood flow, volume and velocity in the lamina cribrosa were significantly lower when compared with age-matched normals.
Groh et al 17 investigated the effect of age on the microcirculation of the retina and neuroretinal rim using the HRF. Consistent with our findings, blood flow measured at the retina significantly reduced with advancing age; however, unlike the results from our study, the blood flow of the neuroretinal rim was not found to be significantly influenced by age. This discrepancy in results may be due to differences in the average ages of the subject groups used in each of the studies. Another contributing factor could be the DC level at which the perfusion images were obtained; this was controlled for in our study but average DC values may have been much lower in the study of Groh et al 17 as blood flow values for the retina and optic nerve head were acquired from the same image. Groh et al 17 also investigated the macrocirculation of the central retinal artery, using pulsed Doppler sonography, and reported that significant decreases in blood velocity occur with advancing age. This finding is supported by other investigators, 31, 32 who have found reduced retrobulbar and choroidal blood velocity with advancing age.
Anatomically, the optic nerve head is supplied by both the posterior ciliary arteries and the central retinal artery (in the more superficial layers), whereas the choroid is supplied solely by the posterior ciliary arteries. If blood flow is reduced in the central retinal artery, as Groh et al 17 suggest, then one would expect this to have implications for both retinal and neuroretinal rim perfusion. The observed decrease in both neuroretinal rim and retinal blood flow in this study serves to support this. Furthermore, the finding that blood flow is reduced in the lamina cribrosa suggests the presence of decreased blood flow in the posterior ciliary arteries. Alternatively, the reduction in microvascular flow in the lamina cribrosa may be restricted to the capillaries. A reduction in posterior ciliary blood flow may also have implications for choroidal perfusion. Ravalico et al 15 reported a reduction in the pulsatile component of ocular blood flow with increasing age. It is known that pulsatile ocular blood flow is primarily choroidal in origin, 33 thus providing indirect support for reduced choroidal flow. Further studies are required to determine the involvement of the posterior ciliary arteries in the perfusion of the ageing eye.
To summarise, age has a significant effect on neuroretinal rim and lamina cribrosa blood flow and velocity and retinal volume. Morphological changes associated with age, such as reductions in retinal ganglion cells and their axons, have previously been reported. [34] [35] [36] This depletion in nerve fibre numbers may result in a reduced requirement for ocular perfusion, or alternatively reduced perfusion may itself result in the depletion of retinal ganglion cell axons. Blood flow measurements may fall due to increases in vascular resistance following changes in the capillary vessel structure with age. 37 It is known that with age the incidence of atherosclerosis increases, which reduces arterial distensibility. 21 It therefore follows that with advancing age the compliance of the retrobulbar arteries, including the posterior ciliary arteries and the central retinal artery, are likely to diminish and in turn will result in a decrease in the retinal and neuroretinal rim microcirculation. Alternatively, the blood flow reductions observed may be due to loss of autoregulatory processes 38 that are strongly influenced by the endothelium, and known to alter with increasing age. 22 While the exact basis for reduced blood flow is uncertain, what remains clear is that advancing age results in lower ocular blood flow. It is likely that multiple factors are involved in the process of blood flow diminution with age, and such reduction may be of significance in the aetiology of some agerelated eye diseases, or indeed exacerbated by them.
